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Abstract

Direct numerical simulations were performed to study the effect of an elastically mounted
leading and trailing edge flap on the unsteady flow over a flat, thin airfoil at Reynolds number
of 14700 based on the chord length. The goal is to investigate potential benefits of flow-
induced passive actuation of the leading or trailing edge to the lift and drag characteristics
of MAV foils. The flap, attached with a torsion spring at one-third the chord length, is
modeled as a spring-mounted compound pendulum. It may undergo flow induced rotation
resulting in dynamic variations in the effective angle of attack as well as the airfoil shape.
Firstly, the second-order, fictitious domain based finite volume approach by Apte et al. (J.
Comp. Phys. 2009) was extended to model this fluid-structure interaction problem on
a fixed, Cartesian mesh. Verification studies were conducted on a canonical test case of
a spring-mounted cylinder to show good predictive capability. Secondly, for the leading
edge actuator, computations were performed at 20° angle of attack and varying the spring
parameters. A lock-in region leading to limit cycle oscillations of the leading edge flap was
obtained that resulted in improvements to lift-to-drag ratios. Finally, flow over a plunging
airfoil (representative of flapping wing flight), at reduced frequency of 5.71 (10 Hz) and
5° angle of attack was investigated with and without the flapping actuator near the trailing
edge. It was found that, spring natural frequencies higher than the plunging frequency result
in the flap actuation leading to net increase in thrust. This preliminary work suggests that a
simple flap actuator may be used to provide passive (or active) control for better performance
of MAVs. The summer research at AFRL’s computational sciences division has resulted in
several opportunities for future collaborations with AFRL scientists and researchers. At
Oregon State, new projects for senior students are initiated to build and modify the existing
physical setup and measure lift and drag coefficients. A test rig for wind-tunnel experiments
with simultaneous plunging of the airfoil and flapping of the airfoil together with torsion-
spring mounted leading or trailing edge is being built. The work is also being presented at
American Physical Society’s November Meeting (Baltimore) and will be submitted to the

ATAA fluid dynamics conference.



1 Introduction and Objectives

The desire to advance the use of thin, low Re wings at small scales introduces flow dynamics that significantly
influence their performance and flow control. At sufficiently high angles of attack during transients, flow
over an airfoil separates, which can lead to a ‘dynamic stall’ condition. One major concern of thin airfoil
design, when operating at high lift conditions, is the unsteady nature of separation at the leading edge
resulting in a Kelvin-Helmhotlz type flow instability [1, 2, 3]. This causes the generation and convection of
low frequency large vortical structures that have a strong influence on unsteady lift. Very early works on
flow over hydrofoils and wings [4, 5] have shown a strong correlation of pressure in the separation bubble
with the onset of stall conditions.

At low Re, thin flat airfoils actually delay stall to higher angles of attack when operating at lower aspect
ratios, although the lift is somewhat lower at lower angles of attack [6]. It has been shown that a cambered
plate (4%) performs better in the Re range of 10*-10° [6], and has a low sensitivity to the trailing edge
geometry and the turbulence intensities [7]. Although thin airfoils show many advantages at low Re, such as
high lift-to-drag ratio, they exhibit wide fluctuations in lift mainly caused by the unsteady flow separation
at the leading edge [8]. The character of this separation is highly unsteady, at fairly low frequencies, and
generally without reattachment if the angle of attack is sufficiently large [8], however, most of this work is
at somewhat higher Re (~ 3 x 10°).

Extensive studies at low Re have been carried out to better understand the flow and its dynamic charac-
teristics for stability and control considerations. For very low Reynolds number [(O(100)], the unsteady flow
characteristics of thin wings undergoing plunge maneuvers show downstream advection of the leading edge
vortex and the frequency for unsteady lift characteristics [9]. Other studies of unsteady flow characteristics
during pitching include [10, 11, 12, 13] and recent computational work based on immersed boundary tech-
nique under the AFOSR MURI program at CalTech on impulsively started wing [14, 15, 16]. It is clear from
these and other studies that vortex shedding, advection, and strength is highly dependent on the maneuver-
ing characteristics. Recent numerical studies at AFRL by Visbal and co-workers [17, 18] on low Re plunging
airfoils have indicated that plunging motion significantly alters the dynamic stall vortex by breaking down
the vortex as it plunges against the airfoil surface. High-frequency small-amplitude plunging oscillations of
stalled airfoil resulted in elimination of coherent vortex structures propagating along the airfoil surface.

There is considerable interest in biologically inspired flows with applications to micro-air vehicles with
flapping wings and small unmanned vehicles [19, 20, 21, 22, 23]. AFOSR has renewed interest in designing
efficient and stable MAVs with flapping wings that are easily maneuverable and resistant to flow disturbances.

Considerable effort has been devoted to looking at flexible wings, following the bird flight such as bats, for



such designs. However, providing fundamental analysis explaining resultant increase in propulsion efficiency
or thrust owing to flexibility has been a challenge due to the complexity of the fluid-structure interaction
problem.

Last year as part of the ASEE SFFP work [24], effect of forced oscillatory sinusoidal oscillations of the
leading edge actuator (see Figure 1, top panel) on the flow dynamics and lift-to-drag ratio was investigated
in detail using DNS [24, 25, 26]. The airfoil studied was a thin, flat (thickness-to-chord ratio of 0.02)
with high aspect ratio (AR = 2.56)] at Re = 14700 and at an angle of attack (ap) of 20°. Use of static
actuation [that is, altering the effective angle of attack by setting the leading edge actuator angle § = 20°
(leading edge parallel to the flow)] or dynamic actuation [that is, oscillatory flapping of leading edge], the
mean lift-to-drag ratio was increased [24, 25, 26]. It was found that at high frequencies (reduced frequency,
k > 5.7), oscillatory actuation of the leading edge resulted in significant increase in mean lift-to-drag ratio.
With lower amplitudes of dynamic actuation, the fluctuations in lift and drag coefficients were also small
and predictable [24]. Forced oscillations at frequencies that match the actuation time scale (1/f) to the
convective time scale of traveling leading edge vortices (£,/Us) created pair of counter-rotating leading edge
vortices that break down near the hinge, resulting in smaller wake and reduced drag.

Based on the established practices in de-

veloping control strategies [27], an important
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may result in flow-induced limit cycle oscillations of the leading (or trailing) edge flap and enhance lift-to-drag
ratios and performance;

(iii) use of a trailing edge spring-mounted actuator, combined with plunging motion of the airfoil (repre-
sentative of flapping wing mechanism), may result in increased thrust and propulsion efficiency for certain
range of spring flexibility.

The following research objectives were devised to test the above hypotheses and investigate the flow-
structure interactions and resultant performance benefits for thin, flat airfoils.

I. Verify the fictitious domain immersed boundary approach for flow-induced actuation of
the leading (or trailing) edge flap. Extend the fictitious domain method developed by Apte et al [28],
to account for flow-induced oscillations of the flap actuator with one-degree of freedom (rotation around the
hinged point).

II. Quantify the effect of flow-induced dynamic changes in the leading or trailing edge flap
actuation on the aerodynamic loads and performance.

The results for these main objectives are summarized below.

2 Methodology:

The computational algorithm for flow over immersed objects on simple
Cartesian grids is based on a fictitious domain approach [28, 29]. In this
approach, the entire fluid-rigid body domain is assumed to be an incom-

pressible, but variable density, fluid. The flow inside the fluid region

is constrained to be divergence-free for an incompressible fluid, whereas

- . - . . Figure 2: Torsion spring dynam-
the flow inside the particle (or rigid body) domain is constrained to un-

.. . L. . . . ) ics modeled as a spring mounted
dergo rigid body motion (i.e. involving translation and rotational motions

only). For specified motion of the rigid body, the rigidity constraint force compound pendulum.
can be readily obtained once the location of the boundary of the rigid body is identified by making use of
marker points in a banded region surrounding the rigid body surface. The marker points provide subgrid
scale resolution, improving the accuracy of interpolations between the marker points and the background
grid. Due to rigidity of the moving object, there is no relative motion between the marker points, and all
points move with the same, specified velocity field.

Using the torque due to gravitational and aerodynamic forces as well as considering pre-tension in the
torsion spring, the following non-dimensionalized dynamic equation based on spring-mounted compound

pendulum can be derived. It is assumed that, the mean position of the front-flap is with an offset flap angle

equal to the angle of attack; Ogset = ¢ resulting in a horizontal front flap in the mean. This results in a



non-linear equation (due to the gravitational torque):

d*0 do 2 3 (gl 3 ([l Cu
g +47T£StN% + (27Stn)" 0 + 3 <U§o> (1 —cosh) = 5 (tu,) Te (1)

where Z* = T/(m¢03/3) = p,/py is the moment-of-inertia ratio (ratio of moment of inertia of the actuator
about the hinged point to the moment of inertia of the equivalent fluid) which turns out to be the ratio of
the actuator density to the fluid density, 7 = tUs, /¢, is the non-dimensional time, Sty = fnlo/Us is the

Strouhal number based on the natural frequency of the spring (fx = %\/ K/T), K is the spring stiffness

C
2VKT

gravitational acceleration, 6 is the actuator angle (positive anti-clockwise), ¢, is the actuator length, t, is

parameter, C' is the damping coefficient, £ = is the non-dimensionalized damping parameter, g is the
the airfoil thickness, and C); is the net pitching moment around the hinge based on the torque acting on
the actuator.

In the above equation, the gravitational term was found to have small effect on the spring dynamics
compared to the other terms. At zero angle of attack, if the actuator is in the front, the drag and lift forces
produce torques that tend to move the actuator away from its desired mean position (increasing 6) and thus
are destabilizing. Whereas with a tail actuator, the drag and lift forces tend to move the actuator toward
the desired mean position of § = 0.

The above equation is solved by decomposing it into two coupled first-order ODEs and using an explicit
third-order Runge-Kutta scheme. The pitching moments are obtained from the fluid flow solver and a
new angular velocity and position for the actuator are determined. In order to incorporate fluid-structure
interaction problem of a torsion-spring mounted front or tail flap, the basic algorithm was modified. The
torsional spring dynamics equations were first obtained by using a spring-mounted compound pendulum
formulation. The solution to the spring dynamics equation was linked to the flow field solution using an
iterative method, wherein the Navier-Stokes equations and the spring equations are solved multiple times
with better approximation for the unknown flap displacement and motion within each time-step. The coupled
algorithm was verified together with grid convergence study for a spring-mounted cylinder case and solutions
compared against published data. The flow solver is fully parallel and based on conservative finite volume

scheme [30] for accurate prediction of turbulent flows.

3 Results

The above formulation was applied to investigate the effectiveness of a passive flap actuator with the flap
in the leading or trailing edge. First the approach and numerical scheme was verified by investigating flow

over a spring-mounted cylinder and comparing the numerical predictions against published data.



3.1 Verification Tests

Flow over spring-mounted cylinder with two-degrees of freedom has been
studied extensively as a canonical test case for fluid-structure interac-
tion problem [31, 32, 33, 34]. The motion of the cylinder center (x4, yq)

due to this fluid-structure coupling is governed by the following non-

dimensionalized equations:
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Figure 3: Spring mounted cylin-

der with two-degrees of freedom.

m* =me/mys =m./(7/4psD?), m, is the cylinder mass, D is the cylin-

der diameter, and Cp, Cp, are the drag and lift coefficients, respectively.

For flow over cylinder at Re 200, the compu-

tational domain chosen was 30 times larger than the
cylinder diameter in the & and y directions. Two grid
cells were used in the spanwise direction with periodic
boundary conditions. A uniform Cartesian grid was used
around the cylinder center in a small patch to have well-
resolved cylinder surface. The grid was stretched away
from the cylinder. Three grid resolutions were used
around the cylinder: D/33 (coarse), D/66 (medium) and
D/83 (fine). Time step used is 2.5 x 1073, giving a cfl

number of around 0.2. First, flow over a rigid cylinder

at Re = 200 was computed providing vortex shedding
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Figure 4: Cross-stream displacement for different

damping coefficients compared to published data.

with a Strouhal number, St = 0.1986. The natural frequency of the spring was set based on this vortex

shedding frequency by using Sty = St.

Multiple inner iterations per time-step were used to solve the fluid-structure interaction problem. It was

found that, 3 and 5 inner iterations provided virtually identical solutions. With no inner iterations, the

solution significantly over-predicted the cross-stream displacement of the cylinder. In all future simulations,

three inner iterations were used. Figure 4 shows comparison of the cross-stream displacement of the cylinder

center with other approaches based on spectral predictions by Blackburn & Karniadakis [32] and body-

fitted, deforming grid algorithm of Morton et al [31] for different damping coefficients. Excellent prediction



is obtained using the present scheme. Other statistics such as variations in drag and lift coefficients we also
predicted well compared to these studies [34].

3.2 Flow Over Thin Flat Airfoil with Passively Actuated Front Flap

Flow over a thin, flat airfoil at Re = 14700 and an angle of attack («) of 20° is investigated. The chord
length (c) is 20 cm, the thickness to chord ratio is 0.02, and the actuator length (¢,) to chord ratio is 0.3. The
airfoil has elliptical rounded edges with a ratio of 5:1. Grid resolutions used in the present calculations are
given in figure 5. The baseline resolution is finer than that used for corresponding studies on the plunging
SD7003 performed last year as part of the ASEE work [25, 26] that showed good predictive capability in

comparison to AFRL’s FDL3DI solver [17].

In order to investigate the effect of passively actuated Grid Aczjc | Ayje | AtU—Jc

. . Baseline 0.00166 | 0.00166 | 0.000125
leading edge flap, a baseline case of 20° angle of attack Coarse (Non-Uniform) | 0.005 | 0.00166 | 0.00025

(ap = 20°) is considered. For the passively actuated Figure 5: Cartesian grid resolution for thin, flat

front flap, the mean actuator angle is intended to be airfoil studies.
equal to the angle of attack (0 = «p), making the flap horizontal in the mean. In order to get strong
coupling, the moment of inertial ratio Z* and the spring stiffness (or natural frequency/Strouhal number,
Stn) were varied. The damping coefficient (xi) was held constant at 0.05. Four moment of inertia ratios
were investigated: 7% = 42, 52.5, 84, 1000. Increase in Z* results in decreased motion of the flap (owing to
increased weight), with Z* — oo being very inertial. In addition, the spring stiffness was varied to obtain
natural frequencies of fy = 10, 5,3 Hz. Even for low moment of inertia ratios, most oscillations in the
actuator position were observed for the spring natural frequency of 3 Hz, suggesting a lock-in region around
this frequency. For higher frequencies studied, the variations in the actuator angle (f) were very small.

Figures 6a,b show temporal variation of lift and drag coefficients (based on forces acting on the actuator
only) and resultant actuator angle variation during passive actuation of the front flap. The angle of attack
is held fixed at 20° and the spring constants are chosen with natural frequency of fx = 3 Hz and damping
coefficient of £ = 0.05. The pretension in the spring is set such that the mean position of the front flap is
at @ = 20°. It is observed that with smaller moment-of-inertia ratio Z* = 42.6, large periodic variations
in the flap angle are obtained that are dictated by similar variations in lift and drag coefficients on the
actuator. This type of periodic oscillation of the front flap was not observed if the spring stiffness is higher
providing higher natural frequencies. This suggests that a lock-in behavior is obtained for spring natural
frequency of around fy = 3 Hz. This also suggest a time-scale of around 0.33 s for the leading edge vortex
formation. Similar, periodic oscillation is observed for twice the moment-of-inertia ratio Z* = 85.2, although
the amplitude of actuator angle variation is reduced owing to heavier flap.

Figure 6¢ shows the effect of passive actuation of the leading edge on the overall airfoil lift-to-drag ratio.
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Figure 6: Effect of passive actuation of the leading edge flap for a = 20°, Re = 14700 with the mean flap
angle of @ = 20° and spring natural frequency of fx = 3 Hz: (a) Actuator Cf, Cp and displacement 6 for
I* = 42.6, (b) Actuator Cr, Cp and displacement 6 for Z7* = 85.2, (¢) Airfoil lift-to-drag ratio Cr,/Cp for
varying rigidity of the flap.

With no actuation, at 20° angle of attack, the lift to drag ratio varies between 2 and 3. However, with a
spring mounted flap, the lift-to-drag ratio is increased suggesting that passive actuation indeed results in
increased performance. With increasing weight of the actuator (increase in Z*), the gain in lift-to-drag ratio
is higher. This can be explained as follows. With lower Z*, the actuator undergoes large displacements
around its mean position of § = 20°. This results in shedding of larger leading vortices and larger wake
regions, increasing the drag on the airfoil. With increase in Z*, the magnitude of actuator angle variation
is reduced. With very high value of 7* = 1000, the actuator remains nearly static and provides the most
benefit in increasing lift-to-drag ratio. Table 1 summarizes the variation in lift and drag coefficients on
the wing for varying inertia-ratios. It indicates that, with passive actuation, the drag coeflicient is reduced
substantially whereas the reduction in lift coefficient is not as significant compared to no actuation case. It
also indicates that, with increase in inertia ratio, the lift coefficient slightly increases and the drag coefficient
decreases owing to small oscillations in front actuator. For very large inertia ratio (almost static actuation),
the drag coefficient is much smaller, however the lift coeflicient is also reduced. The overall lift-to-drag ratio

for static actuator is much larger compared to no actuation.

Table 1: Passive actuation of leading edge at cg = 20°, Re. = 14700, Sty = fnf./Us = 0.16, £ = 0.05.

Actuation I* Ch Cr, CrL/Cp
None - 0.68 1.62 2.39
Passive 42 0.359 | 1.433 3.99
Passive 52.5 0.355 1.44 4.06
Passive 84 0.347 1.46 4.2
Passive | 1000(static) 0.2 1.33 6.65




3.3 Flow Over Thin Flat Airfoil with Passively Actuated Tail Flap

An exploratory simulation for flow over a wing held fixed at 0° and 10° angles of attack with passively
actuated and spring-mounted tail flap was carried out to understand the effect of a tail actuation on the
performance of the wing. The front flap actuation, although results in increase in lift-to-drag ratio, is limited
in its effectiveness as any leading edge vortex produced has to be convected downstream. This usually results
in higher drag. It is hypothesized that a tail flap, however, can help alleviate this, as periodic oscillation of
the tail flap may help reduce drag.

Tests were performed to study the effect of a passively actuated tail flap at 0° angle of attack. At this
angle of attack, the tail flap was initially perturbed by setting the flap angle at 8 = 10°. With the tail flap,
positive lift and drag forces (with flap in the downward position) results in anti-clockwise torque and tries to
move the flap toward 6 = 0°. Likewise, with flap in an upward position, drag and negative lift act to bring
the flap in its neutral mean position. The forces acting on the tail flap configuration are thus stabilizing.
To obtain large deflections of the flap, the moment-of-inertia ratio was required to be reduced substantially
(almost 10 times smaller than the front flap), indicating that a lighter tail is necessary. At zero angle of
attack, the tail flap exhibits periodic oscillations around 6 = 0°, but the oscillations damp (even with & = 0),
confirming the stabilizing effect of the net flow-induced torque on the tail flap.

A range of studies were conducted at Re = 14700 and o = 10° and different spring constants. The
flap moment-of-inertial ratio was fixed at 7* = 8.4, an order of magnitude smaller than the front flap
computations. For the tail flap, the mean flap angle desired is € = 0°. The flow induced tail-flap oscillations
for the cases studied resulted in small oscillations in the tail and almost an increase of around 10% in

lift-to-drag ratio as shown in table 2.

Table 2: Passive actuation of tail flap at g = 10°, Re, = 14700, I* =8.4, £ = 0.

Stn = Inla/Uso Cp Cy | C/Cp
oo (no actuation) | 0.219 | 1.039 4.74
0.16 0.22 | 1.141 5.15
0.55 0.244 | 1.22 4.98

3.4 Flow Over a Plunging Thin Flat Airfoil with Passively Actuated Tail Flap

With actuated tail flap at 10°, oscillations in the flap angle were observed around the mean position; however,
the oscillations were not consistently periodic at least for the cases studied. Subsequently, it was conjectured
that, tail flap may be very effective in cases related to flapping wing design, wherein the airfoil is undergoing
some combination of plunging/pitching motion, thus resulting in periodic variations in drag and lift forces

on the entire wing as well as the tail flap. It was hypothesized that a torsion spring mounted tail flap



and ensuing flexibility of the tail may result in periodic flapping of the tail to reduce drag and/or result in
increased thrust.

Accordingly, simulations were performed on a plunging, thin flat airfoil (representative of flapping wing)
with a torsion-spring mounted, passively actuated tail flap. Plunging together with flap flexibility adds
considerable parameters to the problem; for example, plunging amplitude (h = apg/c, where arg is the
leading edge amplitude, ¢ is the chord length), plunging reduced frequency (k = 7[}—’::), angle of attack, and
plunging waveform. In addition, all the spring parameters are needed for a passive actuated tail. As the
first step, a small parameter space was explored with the angle of attack oy = 5°, plunging amplitude
h = 0.05, and reduced frequency k = 5.71 (10 Hz). The spring flexibility was varied by changing the stiffness
constant. The natural frequency of the spring was varied over a wide range covering the plunging frequency;
fn=0,5,8,10,12.5,20 Hz. The damping parameter was held fixed at £ = 0.01 for all cases. The tail flap
moment-of-inertia ratio is assumed to be Z* = 8.4 and the flow Reynolds number is 14700. The mean flap

angle is assumed to be zero (i.e. ogset = 0) (refer to Figure 1).

@ =0 f/f

Figure 7: Temporal out-of-plane vorticity contours for one period of plunging motion, Re = 14700, h/c =
0.05, f =10 Hz: (a) f/fx = 0 (no actuation); (b) f/fn = 0.8, and (¢) f/fn = 1. Phase 0 is the center
position going up, phase 7/2 is top-most position, phase 7 is center position going down, and phase 37/2 is
bottom most position.

With the above parameters, a plunging airfoil without any tail actuation (i.e. stiff spring or fx = 00), the
airfoil results in a small mean drag; Cp = 0.0164 with a mean lift coefficient of C;, = 0.645. The amplitude
of plunging oscillation to the thickness of the airfoil arg/t, = 0.128 is much smaller for this thin flat airfoil
compared to the standard plunging case using the SD7003 airfoil [26, 18, 18] (arLg/t = 0.58) that results in

thrust. Thus, to obtain thrust from pure plunging oscillations, the amplitude of the oscillation would have



to be increased. This small amplitude was chosen to see if it is possible to obtain thrust for the airfoil using
passive actuation, providing substantial gain in performance compared to plunging without oscillations. The
plunging oscillation was a simple sinusoidal oscillation given as, h(t) = apgsin[2kt]. More than 10 complete
cycles of plunging were computed before the passive actuation was initiated.

Figure 7 shows the out-of-plane vorticity a —=— s /8, 7,20
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Figure 8: Non-dimensionlized relative motion of the lead-

reaches the top most position at phase 7/2. The o ] ) .
ing and trailing edge tips for various flexibility level of

trailing edge, starting from its lowest position ) ) ) ) ) ]
the torsion spring. Also shown is the sinusoidal signal of

also rises upwards (rotates counter-clockwise) ) ) )
leading edge motion (blue line); Re = 14700, h/c = 0.05,

and is perfectly aligned with the leading edge
f =10 Hz.

at the top-most position. Between phase 7/2 to

m, the leading edge starts its downward motion, whereas the trailing edge is still rising (rotating counter-
clockwise). Starting from phase m (the center position), the leading edge continues to move downward and
reaches its lowest point at 37/2. Between this section, the trailing edge also starts its downward motion
(rotates clock-wise) and aligns perfectly with the leading edge at 3w/2. There exists a phase difference of
exactly 7/2 between the leading and trailing edge motions at this spring flexibility. Similar events can be
traced for f/fxn = 1, however, the phase difference is less than 7/2. At this flexibility, the trailing edge
traverses the most distance (largest amplitude variation), owing resonance due to matching of the forcing
and spring natural frequencies.

To explain these observations, the amplitudes and phase of trailing edge motion relative to the leading
edge were examined. Figure 8 shows the time signal of the (STg rigia — STE)/aLE Over two cycles of plunging
motion for four cases f/fx = 0,0.5,0.8,1. Also shown is the signal for a rigid tail (no actuation), which is
simply the sine wave. The positive peak of the sine wave represents top most position of the trailing edge
whereas the negative peak is the bottom most position. It is observed that the resonant frequency case

(f/fn = 1) results in the largest amplitude as expected. For f/fx = 0.8, the trailing edge tip is 90° out of
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Figure 9: Temporal variation of drag coefficient of the trailing edge flap and flap angle over few cycles of
plunging motion, Re = 14700, h/c = 0.05, f = 10 Hz: (a) Cp aap and 6 for f/fx = 0.8; (b) Cp aap and 6
for f/fn = 1. Also shown is the drag coefficient for no actuation case (f/fx = 0) and the sinusoidal motion
of the leading edge.

phase of the leading edge. Figure 9 shows the time evolution of the drag coefficient on the tail flap over few

periods of oscillation for f/fx = 0.8 and f/fx = 1 compared with f/fx = 0 (i.e. no actuation). Starting

with the sinusoidal signal (h/c = 0 and increasing sine signal), four different phases are compared (also refer

to figure 7):

e Phase 0: At this point, the leading edge is at its center position and is rising up. It is observed that

the trailing edge flap has the maximum positive 6 for f/fx = 0.8 (i.e. the trailing edge tip is below
the corresponding tip for no-actuation case) and corresponding negative Cp gap. For no actuation (or
rigid tail), the drag coefficient at this position is nearly zero. For f/fx = 1, the flap angle is positive

but lower than its maximum value, whereas the drag coefficient is positive.

e Phase 7/2, (maximum positive h/c): At this point, the trailing edge has reached its top-most position

and getting ready to start moving downwards. It is observed that for f/fx = 0.8, the flap angle is
decreasing and reached 6 = 0, i.e. trailing edge moved upward and is coinciding with the trailing edge
of a non-actuated flap. At this stage there is small positive drag on the tail flap. For f/fx = 1, the
trailing edge is still moving upwards but is below the corresponding rigid airfoil edge. This also results

in positive drag.

e Phase m: At this point, the trailing edge has reached its center position again and getting ready to

start moving further downward. It is observed that for f/fx = 0.8, the flap angle has reached its
highest negative value, i.e. trailing edge continued to move upward and is now further up compared

to the trailing edge of a non-actuated flap. At this stage there is again negative drag (thrust). For
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f/fx =1, the trailing edge is also moving upwards and a negative drag (thrust) is obtained.

e Phase 37/2: At this point, the trailing edge has reached its lowest position and getting ready to start
moving upward. It is observed that for f/fx = 0.8, the flap angle is zero, i.e. trailing edge continued
to move downward and is now coinciding with the trailing edge of a non-actuated flap. At this stage
there is again small positive drag. For f/fx = 1, the trailing edge is moving downwards and still above
the trailing edge without no actuation. This also results in positive drag.

The four phases of the airfoil cycle indicate that, for f/fx = 0.8, the tail flap adds an additional kicking
motion that results in displacing the fluid away from the airfoil in such a way that the cumulative effect
together with plunging motion is decrease in net drag or a resultant thrust on the airfoil. The case with
f/fx = 1 tries to have the same effect, but lags in its position of the trailing edge tip and results in net
positive drag.

Table 3 lists the effect of increased flexibility of the torsion spring and passive actuation of the tail on

the drag and lift coefficients, as well as the propulsion efficiency. The propulsion efficiency is defined as:

FDUOO @ — FLU
nN= ——F—="= 3 C’prop:l 3
Frov Corop 5oUS.c

(4)

where the negative sign is because the force considered is drag (instead of thrust)and Cpyop is the average
power input for the plunging motion. Here, v is the vertical velocity due to plunging motion. The first
column f/fx provides the ratio of plunging frequency to the spring natural frequency, starting from 0 (i.e.
rigid spring, no actuation) to increasing flexibility. The second column lists the ratio of the amplitude of
the leading edge (mainly following the plunging motion) to the trailing edge (consisting of plunging motion
together with motion due to actuation of the trailing edge). For f/fn = 1, a resonance effect is expected
and one obtains the largest variation in the amplitude ratios. Next four columns list the mean drag and lift
coefficients on the trailing edge flap and on the entire airfoil, respectively. It is observed that the rigid tail
gives small positive mean drag. With passive actuation and increasing flexibility (f < fx), mean thrust is
obtained, whereas the mean lift coefficient also increases slightly. Further increase in flexibility (f > fn)
shows increase in mean drag on the airfoil. It is also observed that for f/fn = 0.5 and 0.8, the tail flap itself
produces thrust and resultant thrust for the entire wing is even higher. With further increase in flexibility of
the spring, the tail flap actually provides more drag than the overall wing, indicating that with increase in
flexibility, the tail moves in a position relative to the wing that results in increased drag on the system. The
last column lists the propulsion efficiency. For f/fx = 0.5 and 0.8, net positive efficiency (thrust) is obtained
for otherwise negative efficiency without any actuation. This result is very encouraging and suggests that

there exists a range of flexibility that improves performance of the flapping wing, whereas too much flexibility
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can affect the efficiency negatively.

Table 3: Effect of passively actuated tail flap on performance of a plunging foil: k = Z’: =5.71, (f =10 Hz)
ap = 5°, Re. = 14700, I* = 8.4, £ = 0.01

f/fN aTE/aLE Flap CD Flap CL CD CL Cprop n
0 (rigid) 1.0 +0.1103 0.059 +0.0164 0.645 0.556 -0.032
0.5 0.815 -0.014 0.0693 -0.1 0.662 0.83 +0.133
0.8 2.24 -0.11 0.1 -0.162 0.7245 | 0.729 | +0.244
1 2.58 +0.0715 0.13 +0.071 0.65 0.237 -0.33
1.25 2.045 +0.165 -0.067 +0.12 0.044 0.118 -1.18
2 1.245 +0.167 -0.035 +0.122 0.333 0.178 -0.76

4 Summary and Future Work

Effect on airfoil performance due flow-induced passive actuation of a spring-mounted flap (leading and
trailing) at low Reynolds number was investigated using two-dimensional DNS studies. The flap, attached
with a torsion spring at one-third the chord length, is modeled as a spring-mounted compound pendulum
with single-degree of freedom. It may undergo flow induced rotation resulting in dynamic variations in the
effective angle of attack as well as the airfoil shape. A second-order, fictitious domain method [28] was further
extended to account for flow-structure interaction problems and verified to show good predictive capability,
compared to AFRL’s flow-structure interaction solver (FDL3DI) [17].

Use of a spring-mounted leading edge flap (at 20° angle of attack and Re = 14700) was studied by varying
the flap moment-of-inertia (or flap weight) and the spring stiffness parameter (or natural frequency). For
the parameters studied, a range of spring natural frequency (around 3 Hz) was identified to provide limit
cycle oscillations of the leading edge flap around its mean horizontal position. In this lock-in region, the
mean lift-to-drag ratio increased considerably compared to no actuation case. Increase in the flap weight
resulted in decreased amplitude of the flap motion and resulted in better mean lift-to-drag ratio. For very
heavy flap (or almost static actuator), the leading edge flap underwent almost no oscillation and provided
the most increase in lift-to-drag ratio. Use of a spring-mounted trailing edge flap was also studied at 10°
angle of attack and Re = 14700 at various moment-of-intertia ratios and spring flexibility. The trailing edge
flap also resulted in a flow-induced flap oscillation around its mean configuration and an increase in mean
lift-to-drag ratio by 10% was observed. The trailing edge flap was observed to be a stabilizing configuration,
with drag and lift forces creating torques around the hinge that tries to rotate the flap toward its mean
position. On the other hand, with the leading edge flap, the drag and lift forces on the flap result in flap

motion away from the desired mean position.
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Of particular importance was application of the spring-mounted trailing edge flap concept to a plunging
wing. High-frequency, low amplitude plunging wing can be used to approximate wing motion in a flapping
wing design. Effect of trailing edge actuation on a plunging thin, flat airfoil (k=5.71, h=0.05) was investigated
at 5° angle of attack. For the parameters chosen, without any actuation (extremely stiff spring), the foil
resulted in a small positive drag. By introducing some spring flexibility, the drag coefficient decreased and lift
coeflicient increased showing increase in performance of the wing. For certain spring parameters resulting in
spring natural frequencies slightly larger than the plunging frequency (f/fx = 0.5—0.8), dramatic increase in
performance was observed. The wing motion resulted in thrust and higher lift coefficients with a propulsive
efficiency as high as 24.4%. It was found that most increase in propulsive efficiency was obtained when the
trailing edge tip was 90° out-of-phase with the leading edge, an observation consistent with experimental
data on plunging teardrop airfoils with flexible tail filament by Heathcote and Gursul [35, 36, 23]. It was also
observed that, there exists a range of spring flexibility that results in enhanced performance (increased thrust
and/or propulsive efficiency). However, too much flexibility of the spring can adversely affect performance,
again a consistent result similar to observations related that of purely flexible trailing edge filament.

This suggests that use of a single-degree of freedom spring-mounted trailing edge flap and resulting passive
control can be used as a simplified canonical mechanism to study effect of trailing edge flexibility on flapping
wing design. The results are of direct relevance to other forms of flow control which are more amenable
to small scale MAV implementation of current interest to AFOSR; for example, surface deformations via
piezo-electric actuators or aero-elastically tailored structures. Use of leading and trailing edge flaps (either
actively or passively controlled) provide an effective way to increase foil performance and provide means to
control the lift and drag characteristics under transient maneuvers or flow disturbances.

The summer research at AFRL’s computational sciences division has resulted in several opportunities
for future collaborations with AFRL scientists and researchers. At Oregon State, new projects for senior
students are initiated to build and modify the existing physical setup and measure lift and drag coefficients.
A University Honors College thesis [25], an ATAA conference paper [26] have been completed and couple of
students, supported as Teaching Assistants, are working toward their Master’s degree on related topics. The
current research work will be presented at American Physical Society’s Division of Fluid Dynamics Meeting
(November 2011) in Baltimore. In addition, we are presently building a physical setup of torsion-spring

mounted trailing edge flap for wind-tunnel testing that can be used for wide range of parametric studies.
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